Molds used to manufacture high-performance composites currently do not meet the demand of manufacturers in terms of production rate due to massive mold designs, using straight-through heating channels, that are not thermally reactive. In this paper, using a thermal finite element model, the thermomechanical responses of an existing massive and conventional mold is observed; then, thermomechanical optimizations are carried out on a circular heating channel mold and on a rectangular heating channel mold. e objective of this paper is two-fold: (i) confirm the need to change design rules for molds considering technological aspects (e.g., pressure drop and fluid nature) and (ii) validate the advantages of an innovative concept of a low thermal inertia mold with rectangular heating channels. Results of this study confirm the need to reduce the mass of structures to increase heating rates and the importance of taking into account technological data (heat transfer fluid, pressure drop) to ensure the optimal convective exchange. After optimization, a decrease greater than 75% in heating time for the circular channel model and up to 88% for the rectangular channel model was observed. Moreover, the antagonistic nature between heating rate and thermal homogeneity of the molding surface and between heating rate and mechanical strength is confirmed.
Introduction
Industries producing high-performance composite structures, such as aeronautics, whose new commercial aircraft consists of more than 50% composites, have growth that requires an increase in production rates while limiting production costs and energy consumption and ensuring the structural quality of the parts. In addition, current global environmental standards impose a significant reduction in greenhouse gas emissions. In this context, and in partnership with the automotive and aerospace industries, developments are being made to make large-scale production lines of highperformance composites competitive in terms of the quality of the cost-production rate, from the preparation of raw materials (resins and preforms) to finishing and assembly, through the injection and/or consolidation of the composite part. us, metallic structural parts could be replaced with structural parts made of lighter composite materials, lightening the structures and reducing greenhouse gas emissions. Reference processes for the production of highperformance composite materials are the autoclave and injection/consolidation under pressure in a closed thermoregulated mold with heating and cooling rates of a few°C ·min −1 . e aeronautics sector tends to develop out of autoclave (OOA) processes to anticipate the increase of future production rates and to limit manufacturing costs (investment, energy, and labor costs). e conventional method for producing composites in closed tools is resin transfer molding (RTM) and involves injecting a viscous resin into a hot mold and then ejecting the consolidated part. To increase production rates and limit energy consumption, the process can be used in isothermal mode but results in defects in the molded parts: internal stresses and unsatisfactory surface appearance. To overcome these problems and allow the production of thermoplastic resins, mold structures can perform thermal cycling, but this is done to the detriment of the production rate and energy consumption. e mold is generally thermoregulated using a heat transfer fluid, which circulates in straight channels drilled in the structure [1] . Studies seeking to optimize tooling performance are generally conducted individually on massive mold and focus on two categories of parameters: (i) process parameters: temperatures and pressure [2] [3] [4] [5] ; (ii) mold parameters: constitutive materials [6] [7] [8] , fluid network optimization [9, 10] , heating channel position [11] [12] [13] , conformal heating channels [14] [15] [16] [17] , profiled channels [18] [19] [20] , and heating technology [21] [22] [23] . Now, with new additive manufacturing technology, it is possible to produce structures with low thermal inertia and rectangular conformable heating channels for better thermal performance. e value of this mold concept having been demonstrated numerically and experimentally [20] , the objective of this paper is the thermomechanical optimization of the low thermal inertia mold concept with rectangular heating channels, taking into account technological data such as pressure drop, the nature of the heat transfer fluid, and the regulation of the thermoregulator power.
is study is limited to a low-pressure composite injection.
In this study, the thermomechanical performance of a massive conventional mold was observed, then an optimization procedure was carried out on a model with circular heating channels, and finally an optimization procedure was carried out on a model with rectangular heating channels.
Materials and Methods
e approach implemented for this study is as follows:
(i) Observe thermomechanical responses on the massive conventional mold model presented in Figure 1 (ii) Optimize the geometry of this mold with circular heating channels (iii) Optimize the geometry of the low thermal inertia mold concept with rectangular heating channels is study was conducted on reference conventional RTM plate tooling in stainless steel, presented in Figure 1 , with the geometrical and technological properties presented in Table 1 . A 10 mm Monolux insulating plate was glued to the outer sides of the mold to limit heat loss, and a 5 mm steel sheet was used to construct an external box to facilitate handling and placing the plate in the press. A 3 mm thick carbon-epoxy composite with the usual thermal properties was present on the cavity mold.
During the injection and the cure of a composite material, the mold is generally placed in a press so that the mechanical forces related to the injection of the resin can be taken up and sufficient compaction can be ensured. In addition, a thermoregulator is generally associated with the system to heat the structure. e thermophysical principle consists in heating a heat transfer fluid via an electrical power from the thermoregulatory system, and then the fluid circulates to the mold's heating channels with the pump from the thermoregulator. e fluid circulation in the mold's heating channels, coupled with a temperature gradient, induces a convective heat transfer. Figure 2 presents a representation of a mold, a press, and a thermoregulator system. e thermal and mechanical finite element models used in this study take into account these different thermophysical phenomena (fluidic, thermal, and mechanical) and technological constraints (pressure drop and operating point) to come as close as possible to the actual behaviour of the system, while avoiding an expensive fluidic model. e study was conducted on a bidirectional representative structure (RVE: representative volume element) so that the edge effects can be ignored and to focus on the mold's heating zone, presented in Figure 3 . Finite element simulations were performed using the ANSYS v.18.1 software. PLANE77 quadratic thermal elements were used for thermal simulations, a thermal mass element was used to represent the thermoregulator in terms of heating power and fluid volume, and unidirectional convective link elements joining the thermoregulator (mass element) and heating channel surface were used to represent the convective exchange. For mechanical simulations, PLANE183 quadratic elements were used. After having tested different mesh sizes, an optimal 1 mm mesh size was retained. For the thermal simulations, the initial temperature was 25°C and the temperature set point was 80°C. Lateral lines and lower lines correspond to symmetry planes, and an adiabatic condition was applied: thermal flux � 0 W. A natural convection was applied on the upper line of the outer steel sheet: temperature � 25°C and convection coefficient 
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Press Thermoregulator Advances in Materials Science and Engineering h � 5 W·m −2 ·K −1 . A forced convection was applied inside the heating channels via convective link elements. e convective coefficient was determined by the method presented in the Collomb et al. study [20] taking into account the characteristics of the thermoregulator pump, the nature of the fluid, and the changes in temperature. To study the influence of the heat transfer fluid, the fluid used for thermoregulation was first water and then erminol D12 oil. e system was heated by applying a thermal power of 12 kW regulated by PID on the thermal element mass and corresponding to the power of the thermoregulator. e phenomena related to the crosslinking of the resin (including exothermic behaviour) were not taken into account.
For mechanical simulations, symmetry planes are preserved.
e structure is considered to be in a press: the vertical displacement of the upper line of the outer sheet is blocked. A pressure of 15 bar corresponding to the injection of the resin was applied to the molding surface; 3.5 bar of pressure was applied to the heating channels, corresponding to the pressure due to the fluid circulation. ermomechanical responses observed for each of the models are as follows:
(i) t: heating time of the cold point on the molding surface to reach 90% of the set point temperature (ii) ΔT: maximum temperature difference on the molding surface during the heating phase (iii) u: maximum vertical displacement of the molding surface
For the massive conventional reference model, the heating time, the temperature difference, and the maximum displacement of the molding surface for water heating and oil heating are presented in Table 2 . ese benchmark results will be compared with results of the optimized structures.
Subsequently, the circular model is optimized, followed by the rectangular model, in two steps:
(i) Creation of thermomechanical metamodels using the response surface methodology (RSM) (ii) Mono-objective optimization under constraint by a genetic algorithm (GA) e response surface methodology (RSM) consists of conducting a sequence of experiments to explore the relationships between one variable and multiple-response variables. is method is commonly used in mold optimization problems [24, 25] . For this study, RSM was used to identify geometric parameters influencing the heating time, the temperature difference on the molding surface, and the displacement of the molding surface. e mathematical models created (metamodels) can be used to carry out the optimization with a genetic algorithm (GA). e low inertia mold concept with rectangular heating channels, whose thermal advantages have been demonstrated previously [20] , is based on a laboratory demonstrator mold presented in Figure 4 . Optimization variables associated with this model are presented in Figure 5 (b). e finite element model of the circular heating channel mold, optimization variables, and optimization criteria are presented in Figure 5 (a) and Table 3 . e levels of each variable are selected according to manufacturing constraints. e variables for the optimization phase for the circular model are A, channel diameter; B, steel thickness under the channels; C, distance between channels and for the rectangular model; D, steel thickness under the channels; E, half channel width; F, channel height; and G, distance between the channels. To limit differential expansion problems, the thickness of the steel below and above the channels is identical. e response surfaces were constructed using Ellistat software and the Latin hypercube sampling (LHD) spacefilling method. is method makes it possible to generate a random distribution of experiments while controlling the number of trials, with the aim of obtaining predictive metamodels that can be used in the optimization phase using a GA.
Results and Discussion
3.1. Response Surface Methodology. With RSM, it is possible to construct a polynomial regression to create an approximate mathematical function between the factors studied and the responses measured.
is equation is the metamodel used later for optimization using a GA. e polynomial model in matrix form is presented in equation (1), with Y the measured response vector, X the test matrix, β the column vector of polynomial regression coefficients, and ε the residual error vector.
β vector of the regression coefficients can be estimated as β using equation (2), with X T the transposed matrix of X:
A variance analysis, ANOVA, is performed to determine with Fisher factor test factors and interactions that influence the responses observed. e quadratic or cubic metamodels determined have p values < 0.01 for water-heated metamodels and p values between 0.01 and 0.05 for oil-heated metamodels.
e thermal polynomial metamodels obtained for the circular model are presented in equations (3) and (4) for water heating and equations (5) and (6) for oil heating. e mechanical polynomial metamodel is presented in equation (7) and is the same for water heating and oil heating: 
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e thermal polynomial metamodels obtained for the rectangular model are presented in equations (8) and (9) for water heating and equations (10) and (11) for oil heating. e mechanical polynomial metamodel is presented in equation (12) and is identical for heating with water and with oil:
For each metamodel, correlation coefficients R 2 , R 2 adj , and R 2 press , i.e., the multiple correlation coefficient, the adjusted correlation coefficient, and the predictive correlation coefficient, respectively, were calculated and are presented in Table 4 . e multiple correlation coefficient corresponds to the variation explained by the metamodel and therefore to the quality of the regression. Since this criterion tends to increase with the number of experiments, it is preferable to use the adjusted correlation coefficient, which involves the metamodel's degrees of freedom. e predictive correlation coefficient uses a "leave-one-out" cross validation to measure the predictive quality of the metamodel [26] . e correlation coefficients presented in Table 4 confirm the good quality of the mathematical metamodels constructed.
For each metamodel created, it is possible to determine the influence of model parameters on the thermal and mechanical responses. For technological reasons, economic reasons, and production constraints, it is sometimes complex to modify mold's geometric parameters. e correlation between parameter influence and economic/technological/ production constraints can facilitate decision making during the mold's design and sizing phase. e three main influential terms for each metamodel are presented in Table 5 .
is parameter influence study revealed that for the circular channel model, the three geometrical parameters have an influence on thermal responses (time and ΔT), whereas only parameter A (channel diameter) has an influence on the mechanical response. For the rectangular channel model, parameters D, E, and G (steel thickness, half channel width, and channel distance) influence the thermal responses. e mechanical response is essentially driven by parameters D and E. Parameter F (channel height) has little influence on the thermomechanical responses on the field studied.
Optimization with Genetic Algorithm.
e genetic algorithm (GA) is an evolutionary algorithm using stochastic methods for the simulation of natural evolution process [27, 28] . is kind of algorithm is commonly used in singleand multiobjective optimization problems, makes it possible to obtain global optima, and has a recognized robustness and [29] . e principle of the algorithm is to initialize a population of individuals that, generation after generation, evolve with individuals who are affected by selections, crosses, and mutations. ese operations improve the quality of individuals related to the objective function and allow one to move towards the optimal solution. As presented in Table 3 , for this study, the objective function consists of the minimization of the heating time, and two constrained functions were applied: controlling ΔT on the molding surface and maintaining the maximum vertical displacement less than 10 μm in order to respect the usual geometrical tolerances of manufacturers. Concerning the maximum temperature difference on the molding surface, a limit of 2°C was set to keep the temperature within the limits of a critical thermal case. After having tested various optimization parameters for the GA, the following values were retained: number of generations � 500; number of individuals per generation � 150; number of individuals per tournament � 2; tournament probability � 0.7; crossover probability � 0.7; and mutation probability � 0.03. e overall optimization strategy for this study is presented in Figure 6 .
Optimal geometrical parameters for each model, circular and rectangular, heated with water and oil, are presented in Table 6 and Figure 7 .
A dimension comparison of steel blocks necessary for manufacturing molds and associated estimated masses are presented in Table 7 when heating channels are manufactured by machining. is comparison highlights the possible reduction of the steel mass in the structure, reducing the system's heating times or energy consumption, but also making the structure easier to handle. is reduction of the steel mass also makes additive manufacturing processes attractive for which the manufacturing cost is essentially related to the mass of deposited material and not to the complexity of the product. e predictive results for optimal models using metamodels and the results from thermal finite element verification are compared in Table 8 . In the study domain, prediction errors are less than 5% for thermal metamodels and less than 10% for the mechanical metamodel, which confirms the quality of metamodels used for optimization.
Comparisons of heating times between the reference model, the circular optimized model, and the rectangular optimized model are presented in Figures 8(a) and 8(b) for water heating and oil heating, respectively.
Concerning water heating, the optimized circular model presented in Figure 7 (a) is essentially controlled by thermal aspects. e circular geometry of the channels provides very good rigidity and a good distribution of mechanical stress (12) 0.852 0.842 0.811 Advances in Materials Science and Engineering related to mechanical forces. e geometric optimum is the compromise that can minimize the heating time while controlling the temperature difference at 2°C on the molding surface. Taking into account technological aspects (pressure drop, pump, and fluid) is essential in this study because it appears that the optimal solution does not completely minimize the spacing between the channels and the diameter of the channels (the mass steel is not fully minimized). Indeed, since the diameter and the distance between the channels decreased, it is necessary to multiply the number of channels, which increases pressure drop, reduces operating flow rates, and reduces the convective exchange. e optimal solution for this case study is a geometry that minimizes the steel thickness on both sides of the channels, with a compromise between the diameter of the channels and the 8 Advances in Materials Science and Engineering distance between channels in order to limit the temperature difference on the molding surface while minimizing the mass of steel. e rectangular heating channel model presented in Figure 7 (b) is essentially controlled by mechanical constraints. For this case study, the geometric optimum consists in a geometry that minimizes the distance between channels and the channel height to minimize the steel mass, with a compromise between the width of the channels and the steel thickness on both sides of channels in order to satisfy the mechanical stiffness while limiting the mass of steel.
It appears that with the water heating, the optimization of the circular model allows a 48% reduction of the heating time compared to the massive reference, while the rectangular model allows a 57% reduction of the heating time. e transition from optimized circular channels to rectangular optimized channels allows a 20% reduction of the heating time because the mass to be heated is lower.
Concerning oil heating, the optima obtained for the circular model and the rectangular model, Figures 7(c) and 7(d), respectively, run into same issues as for water heating, namely, (i) For the circular model: the small influence of the mechanical constraints and the search for a compromise minimizing the mass while guaranteeing fast and homogeneous heating (ii) For the rectangular model: the small influence of the homogeneity constraint and the search for a compromise minimizing the mass while guaranteeing good mechanical resistance However, since the fluid has a higher viscosity than water, the channel geometries obtained for oil-heated models have a larger flow section than channel geometries of water-heated models in order to limit pressure drops.
It appears that with the oil heating, the optimization of the circular model reduces the heating time by 78%, while the rectangular model reduces the heating time by 88%. e transition from optimized circular channels to optimized rectangular channels reduces the heating time by 45%.
Comparison of the thermal responses (heating time and maximum temperature difference on the molding surface) and the mechanical response (maximum vertical displacement) is presented in Figure 9 (a) for water heating and Figure 9 (b) for oil heating. It seems that for water heating, the optimized circular model is constrained by the 2°C limit on ΔT, and the optimized rectangular model is constrained by the 10 μm limit on displacement. ese are constraints related to the initial objectives set during the optimization phase. On the other hand, for oil heating, the optimized circular model does not present any constraint of this type. Optimization is constrained by physical limitations related to fluid properties and the pressure drop in the system. Moreover, the gains observed over the heating time also make it possible to reduce the energy cost and the financial cost per injected composite part. Considering that most of the energy cost corresponds to the heating phase of the system, from t � 0 s to t � t heating , and without taking into account physicochemical phenomena related to the transformation of the composite, the system's energy balance can be defined by equation (13) , with Q st the thermal energy stored by the system, Q in the energy provided by the thermoregulator, and Q out thermal losses.
e system's energy cost corresponds to the energy Q in supplied by the thermoregulator during the heating phase and can be calculated using equation (14) , with P the heating power and t theating the heating time. e comparison of heating thermal energies is presented in Table 9 . Advances in Materials Science and Engineering 9
is study highlights the fact that after optimization, with equivalent heating power and with an equivalent production rate, it is possible to achieve 50-90% energy savings or with equivalent power and equivalent energy, it is possible to achieve a 50-90% cycle time reduction. 10 Advances in Materials Science and Engineering e optimization carried out with severe thermal and mechanical constraints (ΔT < 2°C and u < 10 μm), case no. 0, shows that it is possible to obtain between 50% and 90% gains on the heating rates (and the energy consumed) depending on the nature of the heat transfer fluid and the geometry of heating channels. Imposed constraint functions seem to be limiting in mold design choices: constraint on the ΔT seems to be a limitation for the circular channel mold with water heating and constraint on the u max seems to be a limitation for the rectangular channel mold. Since the needs of manufacturers may differ, three additional studies were conducted to determine what the possible gains could be in presence of lower constraints on ΔT and u max . Using metamodels determined previously, equations (3)-(12), three new optimizations were carried out with water heating (the most critical case). e associated constraint functions are as follows:
(i) Case 1: ΔT < 5°C and u max < 10 μm (ii) Case 2: ΔT < 10°C and u max < 10 μm (iii) Case 3: ΔT < 10°C and u max < 20 μm e geometrical characteristics obtained after optimization are presented in Table 10 and associated thermomechanical results are presented in Table 11 .
Concerning the circular heating channel model, modifying the maximum ΔT constraint does not change the heating time results. Indeed, theoretical gains on the heating time determined using metamodels are lower than the metamodels' prediction errors. After finite element verifications, it is confirmed that there is no improvement on the heating times of the structure. Optimized results obtained for ΔT < 2°C and u max < 10 μm seem to be the optimal overall solution for the study domain.
Concerning the rectangular heating channel model, the modification of u max displacement constraint tends to reduce the steel thickness in order to reduce the mass to be heated, while increasing the width of the channel to improve the convective exchange. Finite element verifications confirm that it is possible to reduce the heating time of the structure from 388 s to 367 s, a gain of 6.5%.
Results presented in this study are good recommendations for the mold industry, but there may be factors which could reduce the gains presented here to a more moderate level. Singularities on a 3D mold can reduce thermal performances of the system, for example, heat lost along the fluid circulation channel, heat lost in the press, etc. Experiments on an optimized mold prototype will be necessary to validate thermal performances estimated in this study.
Conclusions
is study, conducted with fixed mold dimensions and fixed heating technologies, makes it possible to study the influence of the main geometrical parameters related to mold thermal performance for a circular model and for a rectangular model. e results obtained in this study for heating from 20°C to 80°C can be easily transposed to different thermal cycles with higher material transformation temperatures. e model with circular heating channels has a better mechanical rigidity, and the optimization consists essentially of a compromise to minimize the heating time by reducing the mass, while controlling the temperature difference on the molding surface and the pressure drops. e rectangular channel model provides good thermal homogeneity. e optimization consists of obtaining a compromise to minimize the heating time by reducing the mass, while guaranteeing sufficient mechanical stiffness. e gains observed on the heating time for the optimized circular model, related to the reference structure, are 48% and 78%, respectively, for water and oil heating. e gains observed for the optimized rectangular model related to the reference model are 57% and 88%, respectively, for water heating and oil heating. To increase the composite material's production productivity, it appears essential to optimize the mold's thermal performance according to customer needs to obtain a compromise between the heating rate, homogeneity, and mechanical stiffness. e gains observed for the optimized rectangular model, related to the optimized circular model, are 20% and 47%, respectively, for water and oil heating. ese heating time gains are significant on an industrial scale because they are repeated on the heating and cooling phases for a very large number of cycles. It is important to note that gains in heating time were determined in a critical case with a maximum ΔT of 2°C on the molding surface and a maximum displacement of 10 μm. Complementary studies have highlighted that with these heating technologies (water heating; power, 12 kW), a modification of the ΔT constraint had no influence on the optimal circular model geometry due to the fluid's physical limit, while a modification of the u max constraint can further reduce the heating time for the rectangular heating channel model.
To conclude, this study confirms the following:
(i) e value of a mold with low thermal inertia to improve the thermomechanical performance of structures (ii) e need to take into account the nature of the fluid and technological elements for the design and sizing of a mold (iii) e advantage of rectangular heating channels in reducing the mold mass An upcoming numerical study on the influence of technological parameters (volume of fluid, pump, thermoregulator, and nature of the fluid) on thermal performance will be presented in the future and will increase thermal performance and productivity.
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